Background: mortality statistics are a frequently used source of information on deaths in dementia but are limited by concerns over accuracy. Objective: to investigate the frequency with which clinically diagnosed dementia is recorded on death certificates, including predictive factors. Methods: a retrospective cohort study assembled using a large mental healthcare database in South London, linked to Office for National Statistics mortality data. People with a clinical diagnosis of dementia, aged 65 or older, who died between 2006 and 2013 were included. The main outcome was death certificate recording of dementia. Results: in total, 7,115 people were identified. Dementia was recorded on 3,815 (53.6%) death certificates. Frequency of dementia recording increased from 39.9% (2006) to 63.0% (2013) (odds ratio (OR) per year increment 1.11, 95% CI 1.07-1.15). Recording of dementia was more likely if people were older (OR per year increment 1.02, 95% CI 1.01-1.03), and for those who died in care homes (OR 1.89, 95% CI 1.50-2.40) or hospitals (OR 1.14, 95% CI 1.03-1.46) compared with home, and less likely for people with less severe cognitive impairment (OR 0.95, 95% CI 0.94-0.96), and if the diagnosis was Lewy body (OR 0.30, 95% CI 0.15-0.62) or vascular dementia (OR 0.79, 95% CI 0.68-0.93) compared with Alzheimer's disease. Conclusions: changes in certification practices may have contributed to the rise in recorded prevalence of dementia from mortality data. However, mortality data still considerably underestimate the population burden of dementia. Potential biases affecting recording of dementia need to be taken into account when interpreting mortality data.
Introduction
Reliable information on deaths and their causes is essential to monitor disease burden and trends, to assess public health programmes, to guide policy and to decide priorities for research. In most countries, a legal requirement to register deaths means that death registries achieve complete population coverage. Adherence to World Health Organisation standards on recording the causes of death allows international comparison [1] .
Dementia is a global health priority, and the number of people living with dementia is predicted to double by 2030 [2] . The use of death registration data to monitor the burden of dementia has been limited by long-standing concerns over the level of recording in death certificates [3] [4] [5] [6] . Despite this, mortality statistics remain a frequently used source of information on patterns of mortality from dementia [7] [8] [9] [10] [11] . In the USA, the Centre for Disease Control and Prevention (CDC) lists Alzheimer's disease as the sixth leading cause of death [12] , and in England, dementia is now reported as being the leading cause of death for women, having overtaken cancer and cardiovascular disease [13] . However, it is unclear how much of this reported increase in the population burden of dementia, which is derived from mortality data, relates to increases in prevalence or detection and how much to changes in death certification practices. The aim of this study was to investigate the frequency with which clinically diagnosed dementia is recorded on death certificates, including time trends and other predictive factors.
Methods Ethics statement
The source database is approved for secondary analysis by the Oxfordshire Research Ethics Committee C (reference 08/H0606/71+5).
Study setting and data source
A retrospective observational study was conducted using data from the South London and Maudsley NHS Foundation Trust (SLAM) Biomedical Research Centre (BRC) Case Register and the Clinical Record Interactive Search (CRIS) data extraction tool. This data resource has been described in detail [14, 15] and has supported a range of analyses [16] [17] [18] . In summary, it provides researcher access to full anonymised copies of electronic medical records from SLAM, one of Europe's largest mental healthcare providers covering a geographic catchment of 1.2 million residents in four boroughs of south London and delivering a comprehensive range of services, including dementia assessment and treatment. Data are currently archived on over 250 000 cases with a range of mental disorders.
Study cohort
Records were retrieved from the SLAM BRC Case Register of all patients with a diagnosis of dementia recorded in SLAM between 1st January 2000 and 16th December 2013 and who were aged 65 or over at diagnosis. Diagnosis of dementia was determined from structured fields in the source record where clinicians are required to enter ICD-10 codes (using F00x-03x categories), supplemented by a bespoke natural language processing algorithm using General Architecture for Text Engineering (GATE) software [19] . This applies information extraction to unstructured text data within clinical records (including correspondence and case notes), returning text strings associated with diagnostic statements [20, 21, 14] . CRIS data have been linked with Office for National Statistics (ONS) mortality and death certification data, and this linkage was used to identify cohort members who had died, restricting the analysis to this group. Four patients were excluded as their age at death could not be determined.
Covariates
CRIS was used to extract data on age, gender, ethnicity (European, Asian, African Caribbean or other) and recorded dementia sub-type. Socioeconomic status was estimated from the 2010 Index of Multiple Deprivation (IMD) applied to the lower super output area for the patient's most recent address. Dementia severity was estimated from the most recently recorded Mini Mental State Examination (MMSE) score, drawn from a structured field in the source record and a further GATE information extraction application [18, 14] . The most recent Health of the Nation Outcome Scale (HoNoS) was also ascertained from the source record. HoNoS is a standard instrument applied routinely in mental health care comprising 12 subscales each rated 0 (no problem) to 4 (severe or very severe problem). We dichotomised the HoNoS scores (scores of 0 and 1 were grouped as no or minor problems, scores of 2, 3 and 4 represented mild to severe problems) to facilitate interpretation.
Linkage with ONS mortality data provided information on date of death, place of death, and recorded cause(s) of death. The place of death was categorised as private residence/own home, hospice, hospital, care home (including residential and nursing homes) and 'other' (for example, prisons, street). Place of death was categorised from free text provided by ONS by one author (G.P.) and independently checked by a second author (K.S.). Where there were discrepancies these were discussed and a category was agreed. The time intervals (in months) between the last face-to-face contact by a SLAM staff member and death, and between the first dementia diagnosis and death were determined using the date of death from ONS mortality data.
The primary outcome was a recording on the death certificate of dementia (ICD-10 codes F00*-03* and G30*) as either the underlying cause of death or a contributory cause of death.
Statistical analysis
The study population was described initially in terms of demographic and clinical variables, followed by logistic regression analyses of dementia recorded as a cause of death on the death certificate. For the multivariable model, explanatory variables were selected according to a priori hypotheses and significance in unadjusted analyses (P < 0.1). The HoNoS cognitive problems sub-scale (which measures problems of memory, orientation and understanding) was excluded from the multivariable model because of correlation with MMSE. In light of missing data for HoNoS and MMSE, a sensitivity analysis was run with these variables removed. Analyses were performed using STATA version 13.
Results
In the analysed cohort, 7,115 deceased patients with a previous clinical diagnosis of dementia were identified. Descriptive data on the sample are summarised in Table 1 . The mean age at death was 85.5 years (SD 7.0), and the majority of the sample (60.6%) was women. Most patients (81.3%) were European, 8.7% were African Caribbean and 2.6% Asian; 41.3% had Alzheimer's disease as the most recent dementia diagnosis. The mean interval between the last SLAM face-to-face contact and death was 14.4 months (SD 18.5), and the mean interval from first diagnosis of dementia to death was 28.6 months (SD 24.5). 50.6% of the cohort died in hospital, and 39.8% died in care homes; 8.3% died in a private residence, and 1.2% died in an inpatient hospice unit.
The annual sample size increased over the observation period from 479 (2006) to 1,073 (2013). Previous MMSE score was available for 76.0% deaths, and the most recently recorded mean score was 16.1 (SD 6.8). Information on HoNoS score was available for 85.1% of deaths.
Dementia was included on the death certificate in 3,815 (53.6%) deaths. The proportion of cases where dementia was mentioned on the death certificate increased over the study period from 39.9% (2006) to 63.0% (2013). In unadjusted logistic regression models, older age, agitated behaviour and daily living problems were associated with increased likelihood of certification of dementia. Female gender, problems with drinking/drugs, physical illness and depressed mood were associated with decreased likelihood of death certification of dementia. Lower cognitive function (MMSE), more recent year of death, and dying in a care home or hospital were associated with increased recording of dementia on the death certificate, as were longer time since last SLAM contact, or since first dementia diagnosis. Lewy body dementia, vascular dementia, unspecified dementia and dementia in 'other' diseases were associated with decreased likelihood of dementia certification (compared with Alzheimer's disease) ( Table 2) .
In multivariable logistic regression (Table 3) , the following factors remained significantly and independently associated with recording of dementia on the death certificate: older age, female gender, agitated behaviour, longer time since first dementia diagnosis, and death in a care home or hospital compared with death at home. Recording of dementia was less likely for those with drinking or drug problems on the relevant HoNoS sub-scale and in those with higher scores on their most recent MMSE assessment. Recording of dementia became more likely each year over the study period. Recording of dementia was less likely for people with diagnoses of Lewy body, vascular, unspecified or 'other' dementia compared with Alzheimer's disease.
A sensitivity analysis where HoNoS and MMSE scores were removed gave similar results, except female gender no longer remained significant (Supplementary data, 
Discussion
In this retrospective cohort study, just over half of decedents who had a clinical diagnosis of dementia were certified with dementia as a cause of death, although this proportion increased over the study period. Independent of their degree of cognitive impairment, people who died in care homes or in hospitals were more likely to be certified with dementia than those who died at home. Studies from Europe, the USA, Canada and Australia have previously shown variable certification of dementia [3, 5, [22] [23] [24] [25] [26] [27] . In our study, dementia was listed as a cause of death for just 53.6% of patients overall, confirming that mortality statistics considerably underestimate the population burden of dementia. The increase over time in the proportion of death certificates which included dementia as a cause of death suggests that changes in certification practices are likely to be an important contributor to the increase in population prevalence of dementia identified using mortality data [13] . However, additional contributions of biological variation or improved detection cannot be ruled out.
One of the strongest factors associated with death certification of dementia in this study was the place in which the person died: dementia was more likely to be written on the death certificate for people who died in care homes compared with those who died at home. A similar association has been shown elsewhere [22, 28] . In England, up to two-thirds of care home residents have dementia [29] , and it may be that physicians with care home responsibilities better recognise dementia as a terminal illness. Longer time since diagnosis, as well as associations with cognitive function and agitation, indicate that more advanced and disabling dementia prior to death is more likely to be recorded as a cause. Although these factors were independent predictors in the final model, it is important to bear in mind that time intervals between assessments and death were lengthy in many cases and it is conceivable that all reflect an underlying dimension of dementia severity. The negative association with previously identified alcohol/drug problems might reflect the fact that a certifying physician may be less likely to be aware of or record coexisting dementia for patients with substance use disorders. On the other hand, dementia was more likely to be recorded in cases where the diagnosis was of Alzheimer's disease compared with other aetiologies such as vascular and Lewy body dementia.
To our knowledge, this is the largest study to have examined the likelihood of death certification among people with a clinical diagnosis of dementia and to have included an examination of trends over time. Use of a detailed clinical database allowed exploration of the factors associated with death certification, and the specialist care records enabled severity of cognitive impairment to be taken into account in analyses, a measure that is frequently unavailable in administrative healthcare databases (e.g. those derived from acute or primary care). We chose as our primary outcome any mention of dementia on the death certificate because of previous findings in England that dementia is infrequently recorded as the underlying cause of death [30] .
Considering limitations of our study, the data, although comprehensive and unique in scale and depth, were drawn from a single service provider with active memory assessment services and the generalisability of findings needs to be established. The increase in size of the cohort over the study period reflects the growth of the database over this time [14] , though changes in prevalence or identification of dementia cannot be excluded. The cohort was derived from a defined geographic catchment, although outcomes would have been captured irrespective of where the death occurred (within the UK). The cohort was identified using both structured data (ICD-10 codes F00-F03) and unstructured text; ICD-10 codes G30* were not used as these are used rarely in the SLAM database. As mentioned above, predictive factors were primarily limited to those measured during specialist care contacts. Finally, it is also important to note that failure to mention dementia in 46.4% of death certificates does not necessarily imply inaccurate certification: for some of these cases, dementia may have been present and recognised, but may not have been felt to have contributed to the patient's death.
Conclusions
Reliable mortality data are essential to understand the global burden of disease. Our study provides evidence that changes in certification practices in dementia are likely to have contributed to the increase in the prevalence of dementia identified using mortality data. Even so, the burden of dementia measured using mortality data remains an underestimate, with only 63.0% of deaths in the most recent year studied (2013) including mention of dementia on the death certificate. In addition, there are clearly important potential biases affecting whether dementia is recorded or not, which need to be taken into account when interpreting mortality data. Under-reporting, and biased reporting, may be a result of a persisting lack of awareness of dementia as a terminal illness. Alternatively, they may reflect uncertainty and varying practice regarding the recorded contribution of chronic degenerative diseases to individual deaths. In light of ageing populations with increasing co-morbidity, alternative systems that facilitate recording of chronic conditions would improve the epidemiological value of mortality data. This could be achieved by the routine recording of all chronic conditions present at the time of death, in addition to those that directly contribute to and cause death, on the death certificate, or through enhanced and routine linkage of mortality data with disease registries.
Key points
• Just over half of patients with clinically diagnosed dementia had dementia included on their death certificate.
• People who died in care homes and hospitals were more likely have dementia as a cause of death than people who died at home.
• Death certification of dementia was more likely in people with Alzheimer's disease than in people with Lewy Body, vascular or other causes of dementia.
• The frequency of death certification of dementia increased over the time period.
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